With the increasing number of laser beams, the main difficulty in arranging beam guiding systems (BGSs) involves determining the corresponding relationships between the output and input ports to realize the identified light path length of all beams. Given the basic constraints of geometric arrangement, a BGS model is established, and a base-line algorithm is proposed to address the difficulty mentioned above. Boundary conditions of target area and target chamber are discussed to increase the number of laser beams, and a maximum value exists for a specific target area. Finally, the compatibility of a cylindrical hohlraum target chamber with a spherical hohlraum is analyzed, and a moveable final optics assembly is proposed to execute the switch between the two different targets.
Introduction
A high-power laser driver is a massive facility aimed at inertial confinement fusion (ICF) [1, 2] . It is a promising way to realize ICF if the output power is about 1-2 MJ at 351 nm with a pulse width of 1-5 ns [3] . Based on experiments [4] carried out at the National Ignition Facility (NIF) [5] with laser powers reaching 520 TW and laser energies of up to 1.9 MJ, although the ignition failed, it was suggested that the achievement of higher laser powers and energies to increase the x-ray drive and the margin for ICF has become possible. Besides trying to improve the output power per laser beam, the other approach to obtain higher energy is to increase the number of beam lines. Increasing the number of laser beams is considerably safer considering that laser damage to optical components requires less attention. In addition, the risk for regular operation is lower, given that the single-beam energy will decrease because of the fixed total operation energy. Furthermore, better confinement symmetry can be ensured for the indirect and direct methods if many more laser beams are used to shoot the target.
The earliest study of a multi-beam laser driver beam guiding system (BGS) can be traced back to Shiva [6] . A 20-laserbeam facility with a total output energy fluence of 10 kJ was invented at the Lawrence Livermore National Laboratory (LLNL) in the 1970s. Shiva's BGS is relatively simple Correspondence to: J. Zhu, No. 390, Qinghe Rd., Jiading, Shanghai 201800, China. Email: jqzhu@mail.shcnc.ac.cn and involves only two mirrors. After amplification, the laser beams are guided by these two mirrors, which redirect their angles to meet the physical requirements and shoot the target. In the 1980s, almost simultaneously, when LLNL was upgrading the Nova facility [3] and the French Commissariat a l'Energie Atomique (CEA) was upgrading the Phébus facility [7] , both research bodies considered increasing their laser beam numbers to 288 to obtain a laser energy that exceeded 1 MJ laser energy. Two BGS concept design configurations were proposed, namely, crosswise orientation and in-line orientation [8] . Given the disadvantages of inline orientation, the BGS configurations of high-power laser drivers that have subsequently been built have all been based on crosswise orientation, but with varying shapes. For example, NIF possesses 192 laser beams, and every quad consists of four beams, with 48 quads in total. In the switchyard of NIF, every quad is guided by four or five mirrors into the target chamber. The BGS and target chamber make the shape of the character 'U' [9, 10] . The Laser Mégajoule (LMJ) Project [11] built by CEA possesses 240 laser beams, and one quad also includes four beams. Its BGS is composed of six mirrors and directly inherits the configuration of crosswise orientation, which looks like the character 'I' [12] . The in-built SG-III [13] in China consists of 60 laser beams, and each line is guided by four mirrors, making the BGS L-shaped [14] . The evolution of the BGS configuration discussed above is pictured in Figure 1 . 
Modeling of BGSs

Basic function of BGSs
In the target area of high-power laser drivers, the process of main laser propagation can be simplified as follows: after exiting from the last spatial filter, the main lasers are guided by several mirrors, redirected to meet the angle requirement of the physics experiments, and then shot through the final optics assembly (FOA) to the center of the target chamber, as shown in Figure 2 . Thus, the BGS maps the rectangular arrangement at the laser output to a spherical geometry configuration at the target chamber. In addition, all the laser beams share the same light path length (LPL) when they arrive at the target. Furthermore, all reflections at the mirrors in the BGS are in-plane (either S or P) and the incident light must be P polarized. Finally, no obscuring or intersection occurs among laser beams when propagating.
Fundamental problems of BGS arrangement
Taking six laser beams in Figure 2 as an example, after being redirected by the BGS, they will propagate to the target through six incident ports in the chamber. As shown in Figure 3 , the distribution of incident ports is determined by the physics requirement, and the emergence ports are determined by the laser amplifiers. Therefore, the fundamental problem of BGS arrangement involves determining the correspondence between the emergence and incident ports, namely, the E # and I # shown in Figure 3 , so that all the laser beams can meet the requirements of the physics experiment.
Typical constraints in BGS modeling
From the viewpoint of laser driver construction, the first constraint is the space of the target area and target chamber. Then, considering the mirror coatings, all incidence angles of each mirror must be less than 45 • . Moreover, the number Beam guiding system geometric arrangement in the target area of high-power laser drivers 3 and types of mirrors must be as small as possible so that the BGS will be simple and easy to realize. The final constraint is the total BGS configuration, and the following modeling is based on a U-shaped configuration.
Multi-beam BGS modeling
Given that the BGS is constructed from several mirrors, analysis of the process of light reflected by a mirror is crucial. As pictured in Figure 4 , a light can be expressed as an emergence point and a direction vector. One light travels along the direction vector s 0 (a 0 , b 0 , c 0 ) from an emergence point P 0 (x 0 , y 0 , z 0 ) to a point P 0 in a mirror, and the length of the light path is d 0 . The propagating matrix can be calculated through Equation (1a), where the vector s 0 is equal to s 0 . After being reflected by a mirror, whose unit normal vector is n(A, B, C), the emergence point and direction vector of the light become P 1 and s 1 , respectively. The propagating matrix can be calculated through Equation (1b), where the emergence point P 1 is equal to P 0 . By combining the two processes, we obtain the transforming matrix from incident light to emergent light after propagating a certain distance and being reflected by one mirror, as shown in Equation (1c), where 
Based on Equation (1c), with only two mirrors, one laser beam can be transported from one point to any other point in any direction without any constraints. However, according to the incident angle and polarization requirements and all the constraints discussed above, the configuration of singlelight propagation can be designed in Figure 5 . The main lasers emerge from the center point F of the spatial filter and reach the target chamber center T after being reflected by four mirrors M j ( j = 1, 2, 3, 4). Mirror 1 only changes the light path in the y direction and mirror 2 does so in the x direction. The light path from mirror 3 to mirror 4 is at the same altitude, and the projection of the line M 4 T in the X Z plane is the line T M 3 M 4 to ensure that the incident light is P polarized.
The angle between the incident light and the y-axis positive direction is defined as θ (0 θ π), the angle between the projection of incident light and the z-axis positive direction is ϕ (0 ϕ 2π) and the counterclockwise direction is positive. Mirrors 2, 3 and 4 are supposed to be in the same plane π layer . The clear radius is defined to be the distance between the target chamber center T and the fourth mirror M 4 and its length is r . In order to avoid obscuring and intersection among the laser beams when propagating, the clear radii of incident light rays with the same θ should be equal. In this manner, laser beams with different incident angles will travel in different planes or layers. The model of multiple beams guided by a BGS is plotted in Figure 6 , which shows that all lights are arranged in different layers according to their incident angles, and no intersection should occur among the beams in the different layers.
According to Equation (1c) and Figure 5 , the propagation process can be pictured in Figure 7 . Given the original emergence direction vectors and unit normal vectors of the four mirrors in Equation (2a), the expression of each emergence point and direction vector can be calculated with Equation (2b). Because P F , θ 0 and ϕ 0 are constant variables that are determined by the laser amplifiers and target chamber, supposing that the clear radius r is fixed, then the position of mirror 4, P 4 , and the direction vector s 4 can be calculated. According to Equation (2c), the distance between two adjacent mirrors and the total LPL can be expressed in Equation (2d),
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Equations (2c) and (2d) show that all distances and positions in Figure 7 can be expressed as a function of d F1 , which can be related to the z position of mirror 3. Besides d F1 , the total LPL is decided by two parts, namely, the position of the emergence ports and the distribution angles of the incident ports. Again, the same conclusion can be obtained from Section 2.2. Therefore, the correspondence relationship between the emergence and incident ports is the core problem that the algorithm needs to solve. Considering that the LPL varies with P 3 , fixing the position of mirror 3 is also necessary.
Base-line algorithm
Feasible region of P 3 in the XZ plane
The multi-beam BGS model has ensured that there will be no intersection among the layers; in order to avoid intersection among beams in the same layer, the position of P 3 is constrained in a feasible region. Considering the situation in Figure 8(a) , in which only one light exists in the layer, the feasible region of P 3 is confined by the following conditions. First, as discussed above, P 3 should be in the projection line segment of P 4 T . Second, considering the sizes of the laser beams and mirrors as the red dotted circle and square marked in the figure and supposing that they equal D, then the distance between P 4 and P 2 P 3 , d 1 , must be larger than D to ensure that no obstruction exists in the light paths of the laser beams in the same layer. Third, according to the actual physical conditions, the room must be constructed for a diagnostic instrument in the polar areas of the target chamber. Assuming that this room is cylindrical with the radius L, all lights and mirrors must be situated outside of this cylinder, that is, the distance between P 3 and T should be larger than L + D. All three conditions are listed in Equation (3a). In this manner, the feasible region of P 3 , in which two lights are in the same layer as shown in Figure 8 (b), can be found from Equation (3b),
Base-line algorithm
We take NIF as an example to interpret the algorithm. The incident ports are distributed in the target chamber at four altitudes, namely, 23.5 • , 30 • , 44.5 • and 50 • [15] . The clear radius r is properly selected to render the lights incident to the ports at 23.5 • and 30 • in the same layer. The target chamber is divided into four parts, namely, top, bottom, left and right. Then, in each section of the target chamber, the incident ports are distributed in three layers with four ports. In addition, the emergence ports are divided into three groups according to the incident layers, as shown in Figure 9 . Consideration of the corresponding relations of the four lights in the same layer is unnecessary. P11 is connected to B11, P12 to B12, P13 to B13 and P14 to B14. In the base-line algorithm, the corresponding relations are fixed, whereas the positions of the emergence ports are variables. The core of the base-line algorithm is to adjust the relative positions of emergence ports to ensure equal LPLs among all beam quads. In this way, the correspondence between the emergence and incident ports is transformed to the calculation of the positions of all the emergence ports, which will make construction and calculation of the model much easier.
The detailed process is illustrated in Figure 10 . Taking the first layer as an example, a base-line B L01 is defined for this layer, and then the distances between the base-line and the center of each beam quad are designated as Dq1i (i =  1, 2, 3, 4) . The LPLs of the four lights are calculated, and the different Dq1i are adjusted to ensure the same path length d1 for all of them. By this method, the shared path lengths in the second and third layers will be d2 and d3. What should be noticed is that the shared LPL of the layer varies with the base-line of the layer. By comparing the three shared LPLs, d1, d2 and d3, and adjusting the base-lines of the respective layers, then the 12 beam quads in the same group will all share the same LPL. Given that B L0 j and Dq ji ( j = 1, 2, 3; i = 1, 2, 3, 4) are all fixed, the actual position of the center of the 12 quads can be calculated. Then, the quads can be combined and the distribution of the emergence ports in this part can be obtained.
According to the base-line algorithm, the BGS of a 192-beam-line laser driver is arranged. Figure 11 shows the right and bottom parts of the target area, whereas the whole BGS is plotted in Figure 12 .
Comparing the calculated BGS arrangement with the NIF BGS, the calculated LPL varies from 57.2 to 63.6 m, which is considerably shorter than that of NIF, which varies from 69.7 to 81.7 m [10] . Considering the radiation shielding that is built in the target area, as shown in Figure 13 , the first two mirrors in each beam line must be outside, causing a longer LPL at NIF. Besides the LPL, the BGS arranged through the base-line algorithm is very similar to the real NIF BGS. The base-line algorithm provides the possibility of avoiding heavy calculations of the corresponding relations. Thus, the arrangement of the BGS of a laser driver is simple and efficient.
Boundary conditions and maximum laser beams
Due to the base-line algorithm, the arrangement of a multibeam laser driver BGS is disregarded. However, discounting this type of BGS does not mean that the number of beam lines can be increased to any expected value to obtain higher laser energy and power. The practical boundary conditions of target area and chamber need to be considered. The following relative parameters of the real target area involved in BGS arrangement can be generalized and classified, as shown in Figure 14 : the radius of the target chamber R, the radius of the cylindrical room L, the radius of the radiation shielding building R s , the distribution of the incident ports (θ, ϕ), the clear radius r , the volume of the target area X × Y × Z , the starting position of the emergence ports X 0 , the total number of laser beams N , the size of a beam quad D q and the distance between beam quads D.
According to Figure 14 , as the number of laser beams increases, all the beams and mirrors must be inside the target area. Considering radiation shielding, the starting position of the emergence ports must be outside the building, and the last two or three mirrors must be inside. In addition, the distance between beam quads must be larger than a beam quad. From the side of the target area, the boundary conditions can be expressed as shown in Equation (4),
In Equation (4), X f max and X f min are the maximum and minimum values of the emergence port position in the x direction. Still taking the parameters of the NIF target area [16] , the maximum number of laser beams will vary from 266 to 304 based on different values of D.
From the side of the target chamber, we consider the extreme situation plotted in Figure 15 . Considering a 10-m-diameter target chamber, if the incident light ports are distributed over the whole chamber surface, we obtain 16 cones of ports with different incident angles and different ports in separate cones, and the total number of laser beams will be 1144. Given the constraints of indirect drivers, only incident angles that are located between 20 • and 60 • will be suitable [16] . Thus, the four cones in the middle latitude will be selected in the upper half-sphere, as shown in the table in Figure 15 . In this manner, 154 ports will be suitable. However, considering the mechanic stability of the target chamber, distribution of the ports in the whole cone is impossible. Furthermore, certain ports will be spared for the physical diagnostic equipment. Thus, half of the 154 ports can be used for incident quads, and the maximum number of laser beams that a 10-m-diameter chamber can accommodate is 308.
According to the boundary conditions of both the target chamber and the target area, and considering that the beam count must be divisible by 48 for a direct-drive cylindrical hohlraum [16] , the maximum number of laser beams is 288 for the NIF target chamber and target area.
Based on the discussion above, we can draw several conclusions. A maximum count of laser beams exists for a specific target area and chamber, so increase of the total laser energy by increasing the beam lines is feasible to a certain extent. More laser beams can be obtained by enlarging the target area and chamber. In addition, for 336 laser beams, the chamber will be about 12 m in diameter. In larger chambers, the focus of the wedged focus lens in the FOA needs to be redesigned to retain the focus. However, with a larger focus, the focus spots in the target will also be enlarged, which may introduce several complicated problems in the target hohlraum [17, 18] . Apart from enlarging the target area and chamber, which is costly, the development of other drive targets, such as direct-drive targets [19] and hohlraums with multi-laser entrance holes [20, 21] , is beneficial.
Six-laser-entrance-hole spherical hohlraum compatibility
In 2014, Lan et al. [22] proposed a spherical hohlraum with six laser entrance holes that possess high symmetry and low backscatter. According to the laser arrangement and constraints of the octahedral hohlraum, the incident port distribution in the target chamber for 192 laser beams and the lasers entering the six-laser-entrance-hole (6LEH) hohlraum are plotted in Figure 16 . In addition, the incident port distribution can be calculated and plotted in the theta/phi plane of the target chamber, as shown in Figure 17 . From Figure 17 , it can be seen that the distribution is very similar to that of an indirect-drive cylindrical hohlraum and the ports are situated at different altitudes with different longitudes. by placing both port distributions in the same reference system, the expected results can be obtained. As seen in Figure 18 , most of the 6LEH ports are found near the existing NIF Figure 18 . NIF indirect/direct drive and 6LEH incident ports in the theta/phi plane. AP means all ports, which includes direct and indirect ports. Ports with dots indicate that the FOA needs to move to transform.
ports [23] , whereas several are coincident, which means that these ports in the NIF chamber can be directly used for a 6LEH hohlraum. For most of the 6LEH ports, if the FOAs of neighboring ports are rotated, as represented by the dots in Figure 18 , by small angles while maintaining the aim toward the center of the target chamber, the incident angles of the 6LEH hohlraum can be met easily. Figure 19 is one eighth of the port distribution of Figure 18 , indicated by the red dotted rectangle marked in Figure 18 . As the figure shows that the longest rotation curve in the target chamber is smaller than the size of two beam quads, a larger hole, probably twice the size of the origin one, can be opened in the dotted ports to accommodate the rotation of the FOA and realize the switch between these two different types of targets. The rotation direction should be along the latitude or longitude so that the movement of the mirrors in the BGS will be constrained in the x and z directions and the change of the BGS will be as small and easy as possible.
Conclusions
In summary, a BGS model is constructed, and a baseline algorithm is proposed to solve the BGS arrangement in multi-beam laser drivers. According to the boundary conditions, the maximum number of laser beams to obtain higher laser powers and energies for NIF is 288. In addition, more laser beams require a larger chamber, which will introduce an undefined factor to ignition. Through rotation of the FOAs, the target chamber becomes highly compatible with the 6LEH spherical hohlraum. BGS transformation is also relatively easy to achieve. However, considerable work still needs to be accomplished to design a moveable FOA and the detailed steps of switching the BGS between two different types of targets. 
